Postextrasystolic potentiation was studied in the isolated perfused rabbit heart to determine its effect on intracellular calcium, sodium, and potassium concentration, 4 6Ca uptake, and calcium distribution in mitochondria and microsomes. Paired stimulation at 80/min augmented myocardial contractility with a gradually developing increase in total intracellular calcium and sodium. A greater 45 Ca uptake was also observed and this was proportionate to the increase of intracellular calcium so that no change in exchangeable calcium occurred. A small but statistically insignificant increment was observed in mitochondrial and microsomal calcium. An increase of the rate of single stimuli to 160/min produced a minimal change in myocardial contractility compared to paired stimulation at 80/min, no change in total intracellular calcium, and a greater calcium uptake so that there was a significant increment in exchangeable calcium. Although these experiments do not identify the cellular processes responsible for the positive inotropic response to paired stimulation, they suggest that an alteration of myocardial calcium metabolism is involved. Furthermore, it is apparent that this alteration is distinct from that occurring during a comparable increase in the rate of delivery of single stimuli to die heart.
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• Postextrasystolic potentiation constitutes a profound inotropic intervention characterized by an increase in both rate of development of tension and in maximal developed tension (1) (2) (3) (4) . The cellular basis for this response to the delivery of a paired stimulus pattern remains largely unknown. Although studies have suggested that there is an augmented potassium loss from the heart into the coronary blood From the Departments of Medicine and Pharmacology, University of Colorado Medical Center, Denver, Colorado 80220.
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flow (5, 6) , no change in the resting membrane potential has been observed under these circumstances (1), and it is unlikely that this loss is of sufficient magnitude to reduce intracellular potassium substantially. Release of norepinephrine stored in cardiac adrenergic nerves does not seem to be involved, since denervation, reserpine pretreatment, and betareceptor blockade have all been ineffective in reducing the response to paired stimulation (7, 8) . Calcium plays a central role in the excitation contraction process of muscle (9) and alterations of this cation may be determinants in the regulation of the contractile state of cardiac muscle (10) . Since little attention had been directed previously to the study of myocardial calcium metabolism in the positive inotropic response to paired stimulation, we undertook such a study using the isolated perfused rabbit heart.
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SUKO, UEBA, CHIDSEY Methods Albino rabbits weighing from 1.1 to 1.6 kg were anesthetized intravenously with 37.5 mg/kg of sodium thiopental and the hearts were removed rapidly and perfused in a Langendorff apparatus. The perfusion medium used as standard nutrient solution was prepared to contain in mmoles/liter: NaCl 91, N a HCO 3 29, KC1 3, K 2 HPO 4 1, MgSO 4 -7H 2 O 1, Na-glutamate 5, Na-pyruvate 5, Na 2 -fumarate 5, CaCI 2 • 56; glucose 2 g/liter, and insulin 5 IU/^t. The medium was gassed continuously with a mixture of 95% O2 and 5% CO2 and the temperature was maintained at 37°C. The intrinsic heart rate was reduced to less than 65/min by dissecting off both atria. A fine fishhook electrode was attached to the left ventricle and an indifferent electrode to the aorta. This electrode attachment provided for both stimulus and recording of the electrogram. The apex of the heart was fixed to a Statham force transducer (model Gj-8-35). The spontaneously beating hearts were placed under resting tension of about 20 g in a double-walled glass chamber in which temperature was maintained at 37°C by circulating water to maintain a constant air temperature; hearts were equilibrated for 25 minutes from the start of the perfusion. For the next 15 minutes, the ventricles were electrically stimulated at 80/min with supra thresh old stimuli (1 to 3.5 v) of 5-msec duration by a Grass stimulator (model S8). This equilibration period of 40 minutes was kept constant for all perfused hearts. After equilibration, the perfusion medium was changed to one containing 4B Ca 1 and the electrically driven hearts were perfused for an additional 1, 3, 5, 15, or 30 minutes.
In a second group of experiments, the hearts were equilibrated in the same way and stimulated with paired stimuli for 1, 3, 5, 15, or 30 minutes during perfusion with 4l 5 Ca. The intervals between the pairs of stimuli applied to the hearts were adjusted to induce the earliest depolarization. These varied from preparation to preparation and ranged from 180 to 250 msec. Duration of the stimuli was 5 msec. In another group of hearts, single stimulation was produced for 15 minutes at 160/min with suprathreshold impulses of 5-msec duration during perfusion with a 4S Cacontaining medium. During all experiments, active tension, heart rate, coronary flow and the electrogram were monitored on a Gilson polygraphic recorder.
After perfusion, the hearts were immediately dropped in ice-cold .25M sucrose and washed for 20 seconds, blotted dry, and weighed. Both ventricles were pressed through a tissue sieve, and two aliquots of pressed ventricle were homogenized in 20 volumes of .4M perchloric acid containing .2% lanthanam chloride (LaCl s ) using a Virtis tissue homogenizer. An aliquot of pressed tissue was homogenized in 20 volumes of .25M sucrose for 10 seconds, and mitochondria and microsomes vvere isolated by differential cenrrifugation with mitochondria prepared between 1,000 and 12,000 X g for 10 minutes and microsomes between 12,000 and 35,000 X g for 10 minutes. The mitochondrial and microsomal protein was resuspended in deionized water and extracted in ,4M perchloric acid containing .2% LaCl 3 for at least 1 hour. Calcium, sodium, and potassium were assayed from the perfusion medium and the supernatant of the tissue extracts and extracts of mitochondrial and microsomal fractions using atomic absorption spectrophotometry.
4B
Ca was measured by adding 1 mg of carrier CaCl2 (.1 ml) to 1 ml of perfusion medium or 1 ml of supernatant fluid of the tissue homogenate and assayed in 10 ml of counting solution (11) The concentrations of calcium, sodium, and potassium in the perfusion media were determined in each experiment, and the average of these determinations was, respectively, .56, 140, and 4.98 MM values virtually identical with calculated values. Intracellular calcium, sodium, and potassium concentration were calculated using these average values in the perfusion medium and an extracellular space value of 43*. Statistical analyses were carried out by the t-test determined for nonpaired samples.
Results
The changes observed in the function of the isolated rabbit heart after removal of the atria were minimal upon institution of electrical stimulation ( Table 1 ). The heart rates averaged 40 ± 2 ( SE )/min during spontaneous contractions and increased to the driven frequency of 80/min during stimulation. Active tension during spontaneous beating averaged 23.6 ± .07 g and was unchanged during 1 4B CaCl9 from New England Nuclear Corporation was diluted from an original specific activity of 13.5 mc/mg. 214 C-carboxy-labeled inulin from New England Nuclear Corporation. the control equilibration period of stimulusinduced contraction. When single stimulation was continued into the second experimental period, there was little change in active tension. However, during the experimental period active tension increased strikingly in all experiments in which contraction was induced with paired stimulation. There was a progressive increase in this response, 26.4% after 1 minute and 59.3% in hearts stimulated for 15 minutes. In those stimulated for 30 minutes, the maximal response was comparable to that observed in the 15-minute group, but a later decline in active tension occurred so that only a 41.6% increase in tension was seen at the end of 30 minutes. The changes are in contrast to those observed during an increase of single stimulation to 160/min. Here the increase in active tension was only 23%, a change which occurred upon raising the frequency of stimulation and was constant throughout the 15-minute period. The rate of tension development during spontaneous contraction averaged 159 g/sec and there was a small and inconsistent increase of this value to 169 g/sec during stimulus-induced contraction. A more striking and consistent change occurred in hearts in which contraction was induced with paired stimulation. Here there was an immediate maximal response which averaged 85.4%. Mean values ± SE. SS-80 and PS-80 = single and paired stimulation at 80/min; SS-160 = single stimulation at 160/min; CO], = tissue calcium; Ca I0 = intracellular calcium; ICF = intracellular fluid.
•P < .05 compared to SS-80; fP < .01 compared to SS-80.
No tendency for either a further increase at 15 minutes or further decline following that time could be observed. Single stimulation at 160/min produced a smaller increment in rate of tension development (average 38£). During the stimulus-induced contractions, resting tension showed a small reduction from the initial value of 16.4 ± 0.9 g during spontaneous contraction. The reduction occurred in hearts in which contraction was induced by either single or paired stimulation and at 15 minutes averaged 13.9 ±1.2 and 11.7 ±1.5 g, respectively. Coronary flow was relatively constant during these experiments and did not change consistently during the positive inotropic response induced by paired stimulation and was only minimally increased by stimulation at 160/min. The tracing of a typical experiment is shown in Figure 1 . Active tension and the electrogram are represented in the nonstimulated, spontaneously beating heart during stimulation with a single impulse, as the stimulus pattern was changed from single to paired stimuli, and after 15 minutes of paired stimulation. It is evident that an increase in contractile force and rate of development of tension occurs immediately upon establishing this pattern of stimulus; the response is maintained for 15 minutes of stimulation in the preparation. The calcium concentration of the control hearts, which were stimulated during the experimental period with single stimuli, appeared to be unchanged during this 30-minute period of stimulation ( Table 2 ). The total tissue calcium concentrations and the calculated intracellular calcium averaged respectively, 100 ±0.01 /xmole/g of heart and 1.32 ±0.02 /nmole/ml of intracellular fluid. Comparable values were observed in hearts stimulated with single impulses at 160/min. However, there was an increase in calcium concentration in those hearts in which contractions were induced by paired stimulation. This change in concentration occurred in both total tissue calcium and intracellular calcium. The increases of these values developed progressively over a period of 15 minutes of double stimulation to levels of 1.21 ± 0.04 yxmole/g and 1.70 ± 0.07/imole/ml, respectively, values significantly greater than those observed in the control hearts (P<.01). During continued contraction induced by paired stimulation the calcium declined so that total tissue and intracellular calcium concentrations, although still elevated, were Corresponding to the increase in calcium concentration in the hearts driven with paired stimulation there was also a greater uptake of 4B Ca during perfusion of these hearts with media containing this radioisotope. The total tissue and intracellular
4B
Ca concentrations were both significantly greater than the control values at 5 and 15 minutes, averaging, respectively at 15 minutes 12.92 X 10 s ± 0.22 vs. 11.38 X 1O 3 ± 0.14 cpm/g of heart and 15.06 x 10 8 ± 0.40 vs. 12.33 x 10 s ± 0.22 cpm/ml of intracellular fluid (P<.01). These data indicated that the rate of uptake of 45 Ca was augmented significantly after 5 minutes of double stimulation, suggesting that the entry of calcium had been increased in these hearts. This can be appreciated visually from a graphic presentation of these data (Fig. 2) . However, the fraction of exchangeable calcium in these hearts, calculated by dividing the specific activity of calcium in the heart by that in the media, was unchanged in the paired stimulated hearts. In single and paired stimulated hearts the exchangeable fraction rose with time to a relative plateau value at 15 to 30 minutes. In contrast, hearts stimulated at 160/min with single impulses demonstrated a marked increment in exchangeable calcium at 15 minutes, indicating that the increased uptake of Ca in these hearts was accountable through a greater exchange of calcium. Mean values ± SE as /imole/ml of intracellular fluid; SS-80 and PS-80 = single and paired stimulation at 80/min; SS-160 = single stimulation at 160/min. *P < .01 compared to SS-80.
microsomal calcium, averaging, respectively, 19.2 +0.9 and 17.5 ±1.7 /imole/g of microsomal protein.
The calculated intracellular sodium concentration showed no change in the control hearts during 30 minutes of single stimulation (Table  3 ). However, there was a greater intracellular sodium concentration during paired stimulation at 15 minutes which averaged 38.4 ± 1.2 compared to 31.0 ± 1.6 /x.mole/ml of intracellular fluid (P<.01). With continued paired stimulation to 30 minutes, the intracellular sodium concentration decreased to control levels, a finding comparable to that observed with calcium concentrations. Calculated intracellular potassium concentration was unchanged in both groups during the entire stimulation period, averaging 79.9 ±2.1 and 80.9 ± 2.7 //.mole/ml of intracellular fluid after 15 minutes of single and paired stimulation, respectively. No change in sodium or potassium was observed in the hearts stimulated at 160/min with single impulses.
Discussion
These observations do not define the cellular mechanism responsible for the positive inotropic response to paired stimulation, but they do indicate that an alteration of myocardial calcium metabolism may be involved in this response. Our findings are in contrast to those recently reported by Haake and associates (12) in which no change in total calcium or calcium exchange was observed in guinea pig atria. However, these studies utilized higher extracellular calcium and lower temperature, both of which are known to increase intracellular calcium (13) . Calcium exchange is less affected by changes in rate of stimulation in high extracellular calcium (14, 15) , and it is likely that small differences of total intracellular calcium would be obscured under circumstances in which a higher extracellular calcium was present. The relation of die increased total intracellular calcium to the positive inotropic response is uncertain. Since this occurred after the inotropic response had been established, it seems unlikely that there was a direct causal relation between these two. Rather, the progressive calcium accumulation within the cell may reflect the altered myocardial metabolism of calcium which is responsible for the postextrasystolic potentiation. Also, it seems unlikely that the increase of calcium, and of sodium as well, resulted from a relative deficiency of oxygenation of these hearts during the augmented contractile state produced by paired stimulation. The absence of a change in calcium or sodium during the increase of single stimulation to 160/min would indicate that this is an unlikely explanation.
The finding that 4 5Ca uptake is augmented by paired stimulation suggests that the progressive increase in calcium concentration of the heart may be the direct consequence of an altered rate of entry. However, doubling the rate of stimulation with single impulses also produced a greater uptake of 45 Ca, a finding which is in accord with several earlier studies (14) (15) (16) (17) . Under these conditions, no change in calcium or sodium concentration was observed, and the fraction of exchangeable calcium was increased. It is also notable that the change in contractility associated with this increment in frequency of stimulation was not comparable to that achieved during paired stimulation. The fraction of exchangeable calcium in the experiments with paired stimulation cannot be interpreted readily since 4B Ca uptake was measured in a nonsteady state during increases of intracellular calcium.
An explanation for the increased calcium concentration produced by paired stimulation must involve a consideration of the temporal relation of the two membrane depolarizations induced by this mode of stimulation and the potential effect of this relation on the free intracellular calcium concentration within the muscle cell. Activation of the contractile state and initiation of relaxation are the consequence of changes in free intracellular calcium resulting from altered calcium permeability or affinity of the plasma membrane (18, 19) and perhaps the sarcoplasmic reticulum (9) . The contraction pattern induced by two paired stimuli, in which essentially no relaxation can Rutncb, Vol. XXVII, Auguit 1970 be seen, suggests that the free intracellular calcium is elevated for a greater time. In addition, it is possible that a higher free calcium within the cell may result from the temporal coupling of two depolarizations, each of which results in a higher calcium permeability of the membrane. Thus, if the free intracellular calcium concentration were higher and maintained for a longer period of time, an increased uptake of calcium might occur in binding sites not normally utilized to sequester calcium. Uptake into these binding sites may decrease the calcium available for removal from the cell and cause a progressive calcium accumulation within the cell.
The hypothesis which we have proposed, that there is a more prolonged and greater free intracellular calcium concentration during paired stimulation, could provide the basis for the inotropic response of the heart. Considering that during relaxation, this calcium may be bound to sites with different affinities for this cation than those of the normal sites, it is possible that the increase of free intracellular calciuin following subsequent depolarizations may be enhanced. Wood and associates have suggested that the inotropic effects of prolonged subthreshold depolarizing current may be due to an increased calcium entry since they observed a prolongation of the plateau phase of the action potential with this stimulus (20) . This suggestion was based on the observation that calcium permeability is enhanced during this phase of the action potential (18, 19) . However, no such alteration in the action potential duration has been demonstrated during paired stimulation (1), and it is unlikely that the hypothesis proposed by Wood and associates alone can explain the increased contractility produced by such a stimulus. Another possible mechanism whereby increased free calcium could be effected during paired stimulation would involve an alteration of the distribution of calcium within intracellular binding sites so that greater quantities might be available for release during depolarization, but there is no experimental evidence to substantiate this mechanism. Finally, the role of sodium as a Circulation Rtturcb, Vol. XXVII, Auguit 1970 determinant of the free calcium concentration must be considered. It is possible that increases of free calcium could result simply from effects of increased intracellular sodium as suggested by Langer (21) . However, the increases of sodium we observed were only significant after prolonged stimulation, and it is unlikely that these could explain the contractile response. Thus the present results do not offer an explanation for the cellular mechanisms responsible for increased contractility during postextrasystolic potentiation, but the observed increase in calcium concentration suggests that alteration in the intracellular disposition of this ion may be involved in the response.
